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Abstract 

Although glutamate is a simple molecule, ils actions in the limbic system and areas concerning anxiety are 
•Thiracntns are mediated through different combinations of ionotropic and metabotroptc glutamate receptor,. Prechmcal stud.es have 
Z ^tToZunds a^ve at NMDA, AMPA/kamate and metabotropk receptors might have anxiolytic propert.es. The major reseand, 
STsTfarZ^ TdireS towams me development of compounds which modulate the function of NMDA receptor,.^ g^eral, the, 
utinw of SiDaS ^Skamate antagonist is greatly hampered by adverse effect. For the treatment of climcal anx,ety Asorder a more 
^Z^^f^ X^^ Astern is Quired. 1. is encouraging ma, diffaent ways to fine-tune the glutamm«gtc system a^ 
SStaTS ^ modulators of me glycine she and compounds acting a, me AMPA receptor. Metabonopic glutamate receptor agon.sts and, 
23. ' £ ZtSSL pro Jit in this respect, h can be expected ma, selective modulators of gh.Uun.te acttVtty wt.l be of great 
clinical significance for the treatment of anxiety disorders. 
O 2004 Published by Elsevier B.V7ECNP. 
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1. Introduction 

The neurobiological underpinnings of anxiety have re- 
cently : received much attention. These studies have pro- 
duced findings that are important to generate hypotheses 
about the biology of anxiety. Several neurotransmitters have 
been implicated in the genesis of anxiety with earlier data 
highlighting the -y-aminobutyric acid (GAB A) system, the 
locus of action of the benzodiazepines. Apart from the 
GABA system, other neurotransmitters such as serotonin 
(5-hydroxytryptamine; 5-HT) and noradrenaline (NE) have 
been implicated in anxiety disorders. Several neuropeptides 
such as adrenocorticotropic hormone (ACTH), corticotropic 
releasing hormone (CRM), neuropeptide-Y (NPY) and cho- 
iecystokinin (CCK) also seem to play a role in the patho- 
genesis of anxiety. 

Recent developments in the neurobiology of anxiety 
have highlighted the neurotransmitter glutamate as an im- 
portant element in anxiety and anxious behaviour. In most 
synapses the actions of the inhibitory neurotransmitter 
GABA are opposed by the effect of glutamate, which is 
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the major excitatory neurotransmitter in the central nervous 
system in mammals. This review will examine pathophys- 
iological and.therapeutic hypotheses of glutamate, its recep- 
tors and anxiety. 



2. Neurobiology of anxiety 

From an evolutionary point of view it may be postulated 
that the anatomic core of fear/anxiety is represented by a set 
of interrelated limbic structures: the septo-hippocampal 
system, certain nuclei of the amygdaloid complex and areas 
of the hypothalamus, as well as the periaqueductal grey 
matter of the midbrain (Chamey et al., l99o> Their basic, 
functions are. to evaluate the extent to which situations are 
threatening for the individual and to select appropriate 
responses in order to generate adequate patterns of defence. 
The hippocampus is thought to play a role in processing of 
context-related information and the expression of anxiety 
responses to environmental signals. The periaqueductal grey 
matter, in addition to its role in endogenous pain suppres- 
sion, is the caudal pole of a longitudinal organised neural 
system which modulates fear and anxiety. Although many 
limbic as well as cortical areas are involved in the behav- 
ioural expression of anxiety, the amygdaloid complex is 
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thought to play a crucial role (for review see Davidson, 
2002: Davis, 1997). A large and consistent literature indi- 
cates that electrical activation of the amygdala produces a 
pattern of behavioural changes in animals that closely 
resembles a response after a fearful stimulus. In contrast, 
lesions of the amygdala block reactions to fearful stimuli 
(Maren. 1 9-96). The amygdala and its many efferent projec- 
tions represent a central fear system involved in the acqui- 
sition, consolidation and expression of conditioned fear 
(Walker and Davis, 2002). Most of our knowledge about 
the biological underpinnings of anxiety in the amygdala and 
limbic circuit has been studied using fear conditioning. 
Relevant background information about fear conditioning 
has been summarised by LeDoux (1998). In classical fear 
conditioning a neutral stimulus, which has little behavioural 
effect by itself, is consistently paired with a strong aversive 
stimulus. Following a small number of pairings, the neutral 
stimulus produces effects formerly only produced by the 
strong aversive stimulus. This change is not seen when the 
stimulus is presented in an unpaired fashion (Davis et at., 
1994; LeDoux, 1994). A cellular analogue to this classical 
conditioning can also be made. When a weak input to a 
postsynaptic cell is paired with activation by a second, 
stronger signal to the same cell, a small number of pairings 
will be sufficient to increase the synaptic strengths, resulting 
in enhancement of the synaptic transmission. Details about 
these synaptic transmissions in the amygdala have provided 
important information regarding fear conditioning (Rogan et 
al., 1997). 

Glutamate and GABA are abundant in the amygdala 
and other limbic and cortical structures. In the treatment 
and neurobiology of anxiety disorders some interest has 
been focussed on possible abnormalities in GABA neuro- 
transmission and the benzodiazepine receptor (Haefely, 
1990: Ninan et al., 1982). However, thus far attention 
has been focussed mainly on the role of serotonin (Jones 
and Blackburn.. 2002). In the last decades, controlled 
clinical studies have demonstrated the therapeutic efficacy 
of drugs selectively affecting 5-HT receptors in different 
anxiety disorders. These advances have kindled interest in 
the role of 5-HT in anxiety resulting in a wealth of data 
on the morphological and functional aspects of the 5-HT 
neuronal systems. Early models attributed an anxiogenic 
function to endogenous 5-HT. Paradoxically, empirical data 
have provided results pointing to an anxiogenic as well as 
an anxiolytic role of 5-HT. This dual role assumes two 
independent 5HT systems performing different behavioural 
functions. Graeff(1993) hypothesised that 5-HT possibly 
facilitates defensive behaviour by acting on the amygdala 
while simultaneously inhibiting active defensive patterns 
organised in the central grey matter and periphery. Viewed 
in this way, threatening stimuli could activate brain de- 
fence mechanisms and 5-HT systems independently. Con- 
sequently, 5-HT is not responsible for defence mechanisms 
per se but only modulates them. This view assumes an 
indirect influence of serotonin on anxiety. Several other 



neurotransmitters and neuropeptides play a role in the 
complex neuroanatbraiical pathways in araiety - and fear 
conditioning (for review see Ninan, 1999). Emerging is the 
importance of corticotropiri^i^mg factor secreting neu- 
rones in the central amygdalk riucleliis. GRH is hypothec 
sized to facilitate anxiety re^ons by activation of this 
central nucleus (Shepard ^ al:, 2(K)Q): Anxiogenic propor- 
tions have been ascribed to ote neiropeptildes as well, for 
example cholecystokinm 

The noradrenergic and dopaminergic systems are be- 
lieved to increase arousal in r^o^ threat The norad- 
renergic locus coeruleus stimulate the periaqueductal grey 
via an indirect pathway through the amygdala (Charney et 
al., 1996). H^l^S- !W 

3. The glutamate neuronal system f 

Until 1970 it was not recogms^i^t excitatoiy amino; 
acids such as glutamate might play a physiological role in 
brain functioning. Since then it has been discovered that 
the glutamate system can, be foiind; in idl parts of the 
human brain (Collingridge ojitd %csi^, 19S9). This ubiq- 
uitous nature of glutamate extttotionj ^ports a role for 
glutaminergic neurotransmission in; several cerebral funcx- 
tiohs (Danysz et al., 1995), For instance, the glutamate 
system is known to play - an ^ rimpdrt^t role in cognition, 
learning and memory (Davis et ai£ 1994^ Maren, 1996; 
LeDoux, 1994), the neural plasticity df synaptic connec- 
tions (Kaczmarek ct al, 1997), pam perception (Klepstad 
et al., 1990) and in the regulate 
secretion (Brann and Mahesti, 1 994). The spectrum , of 
excitation by glutamate rahgies from normal neurotransmis- 
sion, to excess neurotransmission causing pathological 
symptoms such as mania or panic; to excitotoxicity result- 
ing in minor damage to dendrites: Hyperactivity of the 
glutamate system is associated with several neurodegener- 
ative diseases, e.g., Parkinson's disease, Alzheimer's dis- 
ease, Huntington's disease, amyotrophic lateral sclerosis , 
and schizophrenia (Danysz ct: aL, 1995). The glutamate 
system might impact progressive heurpdegeneration by an 
excitotoxic mechanism. Slow progressive excitotoxicity 
can be associated with degeneration such as seen in. 
Alzheimer's disease. Sudden and ^ catastrophic excitotoxic- 
ity can cause neurodegeneration as. in stroke (Cotman et 
al, 1995). 

J./. Glutamate receptors 

For years the central effects of glutamate were thought to 
be exclusively mediated by ion channel mechanisms. How- 
ever, glutamate receptors can now be categorised into two 
major groups, (I) ionotropic and (II) metabotropic receptors. 
This categorisation is based on intracellular/extracellular 
coupling and on different pharmacological and biochemical 
characteristics. Ionotropic receptors can be subdivided into 
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tf-methyl-D-aspartate (NMDA), kainate and quisqualate 
receptors named after the agonists that selectively bind to 
these receptors. These synthetic selective agonists resemble 
either glutamate or aspartate. The quisqualate receptor has 
been renamed as the amino-3-hydroxy-5-methyl-4-isoxa- 
zole propionic acid (AMPA) receptor (Hollmann and Hei- 
nemann, 1994; Nakanishi, 1992). 

The NMDA receptor-channel complex has several 
characteristic features. There are several regulatory sites 
on this NMDA receptor complex. Three of these modu- 
latory sites are outside the ion channel (the neurotrans- 
mitter glycine site, the polyamine site and the zinc site) 
and are excitatory in nature. The inhibitory modulator 
sites are located inside the ion channel. Magnesium ions 
can block the calcium channel at one of these sites. The 
other inhibitory site is sometimes called the TCP site* 
because the psychomimetic agent phencyclidine also 
binds to this site. 

Precise modulation is required for normal neuronal 
functioning, depolarisation of the NMDA receptor results 
in a slow rising, long lasting current (Cotman et al., 1 995). 

in most CNS synapses, NMDA receptors coexist with 
either AMPA or kainate receptors. These latter receptors are 
thought to be involved in amplification of the glutamate 
signal. The level of concurrent depolarisation depends on 
AMPA/kainate activation and other modulator signals. Both 
AMPA and kainate receptors mediate fast excitatory synap- 
tic transmission (Cotman ct al., 1995). 

The ionotropic glutamate receptors are distributed 
throughout the brain. However, different types of receptors 
exhibit regional and functional variability. Overall the 
density of NMDA receptors is high in cortical and limbic 
regions. The distribution of AMPA and kainate receptors is 
similar to that exhibited by the NMDA receptor, consistent 
with their common action as a functional pair. The cortical 
and limbic localisation of these receptors accounts for its 
effects on cognition, perception and mood (Krystal et al., 
1999). 

In the 1980s it became apparent that glutamate also acts 
on a class of non-ionotropic receptors or G-protein bound 
receptors also termed the 'metabotropic' receptor (Pin and 
Duvoisin, 1995). These glutamate receptor subtypes are 
often on the same neurones and in almost all cases interact 
within neural networks. To date eight metabotropic gluta- 
mate receptors (mGluRs) have been cloned. These recep- 
tors are present at both presynaptic and postsynaptic sites 
(Fig. I). The eight mGluRs are subdivided into three 
groups, each possessing similar pharmacology and second 
messenger coupling. Metabotropic glutamate receptor sub- 
types are also differentially distributed within the CNS. 
Studies in rats have shown that Group II mGluRs are 
highly localised in the forebrain regions and limbic struc- 
tures (Ohishi et al.. 1993). This expression of mGluRs in 
different regions provides a way to fine-tune glutaminergic 
neuronal transmission within specific synapses (Schoepp 
and Conn, 1993). 




Fig. .1. Glutamate receptor subtypes. 

In short, the AMPA and kainate receptors evoke fast 
synaptic responses and in turn promote the activation of : 
voltage-dependent NMDA receptors. The mGluR subtypes 
exert long-lasting actions through the activation and inhibi- 
tion of intracellular signals. Coherent cortical function 
depends on a balanced action of glutamate receptors of 
different classes. 

4. Glutamate and anxiety 

The glutaminergic system is thought to play a major role 
in the pathogenesis of anxiety and fear conditioning. 

As mentioned before, treatments that improve the. 
excitability of output neurones in the basolateral amyg- 
dala improve aversive conditioning. Alternatively, treat- 
ments that decrease the excitability of these neurones 
produce anxiolytic effects (LcDoux, 1994, Maren, 1996). 
Decrease in excitatory output in the amygdala can be 
achieved by decreasing the excitatory glutaminergic trans- 
mission. Blocking the basal glutamate excitation generat- 
ed by ionotropic receptors could elicit a significant 
anxiolytic effect Indeed, the administration of antagonists 
of the NMDA and non-NMDA type receptors into the 
basolateral amygdala has been shown to reduce anxiety 
in animal models (Kim and McGaugh, 1992; Miserandirio 
et al., 1990). An alternative way to decrease excitatory 
output in the amygdala could be achieved by an increase 
in GABA neurotransmission. The anxiolytic benzodiaze- 
pines increase GABA neurotransmission and induce a 
decrease in excitatory output of the amygdala. There, 
appears to be a balance between GABA receptor medi- 
ated inhibition and glutamate receptor mediated excitation 
that regulates behavioural and physiological responses 
associated with anxiety (Sajdyk and Shekhar, 1997). In 
addition, there is mounting evidence, gathered from 
various parts of the CNS that both inhibitory (GABAer- 
gic) and excitatory (glutaminergic) transmission can be 
modulated by presynaptic excitatory amino acid receptors 
(Salt and Eaton, 1995). It is likely that these receptors are 
of the mGluR type(s). Presumably this presynaptic inhi- 
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bition is achieved through activation of a metabotropic 
glutaminergic autoreceptor. Thus, GABA receptors pro- 
duce inhibitory actions in the amygdala. In contrast, 
glutamate receptors can produce both excitatory and 
inhibitory actions in the amygdala and the degree of 
ionotropic and metabotropic activation is likely to be an 
important determinant of amygdaloid cell excitability 
(Maren, 1.996). These anxiogenic or anxiolytic actions 
of different glutamate receptors in the amygdaloid cells 
can be better understood in relation to fear conditioning. 
Details about the synaptic transmission in the amygdala 
has been studied using a • cellular analogue to fear 
conditioning (Rogan et al., 1997)/ In classical fear 
conditioning, a neutral stimulus elicits release of gluta- 
mate onto neurones in the amygdala. This glutamate 
binds to both NMDA and AMPA/kainate receptors. 
However, this might not produce much of a behavioural 
response. Only weak activation of AMPA/kainate recep- 
tors occurs and in addition, the NMDA-channel is not 
permeable by a partial blockade of Mg 2+ . However, 
presentation of a strong aversive stimulus at about the 
same time can further depolarise the neurone and relieve 
the Mg 2 + blockade leading to a behavioural response. 
This triggers events that increase the ability of the 
previously neutral stimulus to activate the neurone, en- 
abling it to produce effects similar to those previously 
produced only by the aversive stimulus (Davis ct al., 
1994). 

NMDA antagonists can prevent this process (Bliss 
and Collingridge, 1993). The role of NMDA antagonist 
in fear conditioning based on intra-amygdala injection of 
NMDA antagonists had been studied by Miserandino el 
al. (1990) who found that intra-amygdala blockade of 
NMDA receptor function disrupts acquisition of fear 
conditioning. However, the application of NMDA alone 
is usually not sufficient to induce a change. Other 
stimuli, in addition to NMDA receptor activation, may 
be required to facilitate the process of fear conditioning. 
The role of AMPA receptors and metabotropic glutamate 
receptors was also analysed in this respect (Walker and 
Davis, 2002). For extensive information on the role of 
metabotropic receptors in fear conditioning the reader is 
referred to the article of Watkins and Collingridge 
(1994). 

5. Glutamate in animal models of anxiety 

Pharmacological agents, that block glutamate output, 
may be of therapeutic use for the treatment of anxiety. 
Glutamate receptor ligands are effective in animal models 
for anxiety by preventing fear conditioning and by having 
direct anxiolytic effects. Glutamate agonists and antagonists 
have been tested in different anxiety paradigms. Generally, 
two main categories of animal models can be distinguished, 
conditioned behaviour models and unconditioned behaviour 



models. Conditioned behavibur L models 
Examples of unconditioned behaviour models are the social 
interaction paradigm, the elevated plus maze, the ultra sonic 
vocalisation paradigm and the acoustic startle paradigm^ 
The glutamate receptor ligancte ^ anxiety 
models are shown in Tables 1^3^ ^ 

Most studies have focussed pn Ae role of N 
glutamate receptors (Table "I j: ^ There are Jit teast four sites 
at which antagonists can blcK:k • the; activation of the. 
NMDA complex. Competitive ihtagonists block th 
NMDA site itself, non-corrif^titive antegoniste; like phen- 
cyclidine act by blocking the cation -channel. Inhibition 
NMDA receptor activity could - also be achieved via 
blockade of NM DA/glycinersensitive sites. Many studies 
show functional differences, between antagonists; acting at 
the different sites associated with thevNM^A:' receptor 
complex (Table 1), even rompdim^ with similar potencies 
under in vitro conditions carii have; different functional 
profiles in vivo. ':>;■' V 

Overall, the effects of phencyclidine-like NMDA recep- 
tor antagonists are not unequivocal in nature and appear to 
be less specific as compared, to ^ 
NMDA receptor antagonists (Wiley, .1 997). Consequently, 
the search for *NMDA' compound* ^ proper- 
ties was focussed on the development of competitive 
NMDA channel blockers and glycine receptor antagonists 
(Wiley ct al., 1995: Dunn et al., 1989: Bcnnct and Arnrick, 

1986).; , .. M% : ' :: ^a :' '4." : ?«vc 

A limited number of investigations; were carried out with 
non-NMDA receptors ligands (Table 2 arid 3) since active, 
and selective ligands for these non-NMbA receptors were 
only available to a limited extent. AMPA antagonists dis- 
played anxiogenic actions in tfeee studies with conditioned 
and unconditioned teste (Benyenga et al , 1993; Karcz et al.", ? 
1995; Kotlinska and Lilj(^uisVl998a,b). 

Behavioural studies of mGLuR activation or inhibition 
are also scarce. 

The heterogeneous family of metabotropic receptors has 
only recently been cloned arid the discovery of compounds 
that selectively modulate the receptor is still in its infancy 
(Schoepp and Conn, 1993). In the; last 10 years different 
groups (i.e., 1, 11 and III): of metabotropic receptors 
agonists and antagonists have been developed. Although 
interesting in vitro, most compounds are not yet useful in 
vivo because of poor bioavailability and low potency. 
Recently, systemicaily active ZmGlu5 receptor antagonists 
were discovered and one derivative demonstrated anxio- 
lytic potential (Brodkin et ah, 2002; Pile et al., 2002; 
Spooren et al., 2000; Tatarczynska et al., 2001). A high 
expression of mGlu5 receptors in the limbic forebrain 
regions was observed. So far, one metabotropic receptor 
agonist showed potent central effects when tested system- 
icaily (Helton ct al., 1997, Klodzinska et al.. 1999; 
Shekhar and Keim, 2000). This compound acts at mGlu2 
and mGlu3 receptors, distributed mainly in the limbic 
system. 
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Table 1 



NMDA receptor antagonists 


Substance 


Anxiety test 


Anxiety 


Motor 


Authors 


Non competitive antagonists 


= T 




Siivestre eta!. (1997) 


Ketamine 


CT, SI, X-maze 




MK801 


CT 


i = 




Xie and Commissaris 0992), Corbctt and Dunn (1991), 








Koek and Colpacrt (1991), Jessa ct al. (1996) 




SI 


I 


= . 


Corbctt and Dunn 0 991 ), Dunn et al. (1989) 




X-maze 


I 




Corbett and Dunn (199 U, Dunn et al (1989), 










rrascr ct al. ( [yyoi 






„ 


T : 


- , Criswel et al. (1994) 


PCP 


Open field 




T 


. Koilinska and Liljcquisl ( 1998), Plaznik ct al. (1 994), 








Jessa et al. (1996) 




usv 


i 

+ 


1 


Vry Dc et al.. ( 1 993), Kehnc. ci al. (1 991) 




CT 


1 = 




: Porter ct al. 0989), Sanger and Jackson 0989) 




X-maze 






Wiley et al. (1995) 


Mem, am 


USV 


l 
* 




Vry Dc ct al. (1993) 


i , a -maze 






; Karcz et al. (.1997) 


Competitive antagonists 








Wiley ct al. (1995), WiUeits et al. (1994) 


NPC 17742 


X-maze, CT 


i 




CPP 


CT 


I 




. Corbctt and Dunn ( 1 99 i ), Koek and Colpacrt (1991) • 


CGS 19755 


CT 


i 




Bennet and Amrick ( 1 986), Koek and Colpacrt ( 1 991 ) 


AP5 


X-maze, SI, USV 


\ 




. Dunn ct al. 0989), Kchne ct al. (1991J 


AP7 


ASP. CT, X-maze, SI 






/ Anthony and Kevins (1993), Bennet and Amrick (1986), 








Stephens ct al. (1986) 










Dunn ci al. 0989), Plaznik et al. ( 1994) 


CGP 37849 


Open field, CT 


l 

4 




: . Jessa et al. ( 1 996), Plaznik ct al. ( 1994), 








. . Pr/egalinsky et al. (1996V 


Clycine site 










ACLA 1021 


X-maze 


ss 




..... Wiley et at. (1995) 


HA 966 


X-maze. SI, CT, USV 






Trullas ct al. 0989), Dunn et al. (1992). 


*. 








Anthony and Nevins -( 1993) 




ASP 






Karcz ct al. (1997 


5,7 DCKA 


Open field, CT, USV 


i 




: Plaznik ct al. ( 1994), Kchnc ct al. (1995), 






. . Corbctt (1993) 


7CKA 


ASP,CT 


i; - " 




Koek and Colpacrt (1991), Anthony and Nevins (1993) . 


Cycloserine 


ASP, X-maze 


i 




". Anthony and Nevins (1 993), Karcz et al. ( 1 997) . 


MDL 


USV 


1 




Kehnc ct al. (1995), Baron et al. 0 997) 


L-701,324 


CT,X-maze 


1, = 




Koilinska and Liljequist (1998), Karcz et aL (1997) y. 


ACPC 


CT, X-maze, ASP 


1 




" Anthony and Nevins (1993), Prxcgalinsky ci al. 0996), 










- Karcz ct al. 0 997) . • V. •,. 


Poiyamine site 










Ifenprodil 


X-maze 


1 


T* ■ 


... Praser et al. 0996) 



Substances: MK 801, dizolcipinc; PCP, phencyclidinc; CPP, 3-(2-carboxy piperazine-4yl)-propyl-l-phosphonic-acid; CGS 19975, c/j-4-phosphonomethyl-2- 
piperidine^arboxylkynurenate; AP5, 2 amino-5-phosphonoheptanoate; AP7 t 2 amino.7 : phosphohoheplanoate; HA 966. 3 -ami no- 1 -hydroxy -2-pyrro!idinone:. 
5,7 DCKA, 5,7-dichlorokyhurenic acid; 7 CKA, 7-chlorokynurenic acid; MDL' 102,288, 5, 7-dichloro^,4-dihyoro-(((4-((methoxycarbonyl)amino)-6-chloro- 
lH-indole-2-carboxylic acid; MDL" 100,458, (3(benzoylmethylamino)-6-chlorolH-indole-2-caTboxylic acid; MDL* 105,519, (£>3-(2-phenyl-2-carboxye- 
thenyl)-4,6-dichloro-lH.indole-2-carb6xylic acid; L-701,324, 7-chk)ro-4-hydroxy-3-(3-phenoxy) phenyl-2(lH)-quinolone; ACPC, 1-aminocyclopropanecar- 
boxylic acid; Memantine, amantine; LY3 26325; LY2 15490, !SRAaRS< , 8a/?S )-6-(2( 1 H-tetrazol-5-y^ acid; 
LY354740, 15, 2S, SR, 65-2-aminobicyclo(3.1 .0)hexane-2-6-dicarboxylatc monohydrate; NBQX, dihydroxy-6-nitro-7-sulfamoyl-benzo( / r )quinoxaline; MPEP, 
2-methyl-6-(phenylethynyl)pyridine. 

Anxiety tests: CT, conflict test; X-maze, elevated plus maze; USV, ultrasonic vocalisation; SI, social interaction test; ASP, acoustic startle paradigm. 



These preclinical studies indicate that compounds active 
at NMDA, AMPA/kaTnate and metabotropic receptors might 
have anxiolytic properties. However, animal models for 
anxiety are only predictive to a limited extent and therefore 
can only be used as a rough screening method for the 
development of compounds with anxiolytic properties that 
are clinically effective. Common to conditioned as well as 



unconditioned tests is their reliance on motor behaviour 
(Dawson and Tricklebank, 1995). Some 'sedative-like' 
properties of the glutaminergic ligand could also result in 
the effects as presented in the tables. Drug induced non- 
specific enhancement or impairment of performance may 
confound anxiolytic drug effects. Specific tests on motor 
performance should be performed to distinguish these 
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effects from potential anxiogenic or anxiolytic effects. Not 
all authors have performed such independent tests for 
locomotor activity. 

Furthermore, both conditioned as well as unconditioned 
animal models only measure direct potential anxiolytic 
effect Delayed anxiolytic effects as observed with SSRIs 
were not found. 

6. Clinical prospect of glutamate modulating compounds 
in anxiety disorder 

Since the introduction of phencyclidine (PCP) in the late 
1950s (Luby et al., 1959) antagonists of the NMDA 
glutamate receptor have been important tools for exploring 
the pathophysiology of neuro^psychiatric disorders. This 
interest has resulted in several clinical studies describing 
the effects of NMDA antagonists in normal, healthy sub-, 
jects. Unfortunately, NMDA antagonists can profoundly 
affect behaviour and produce serious adverse effects (Wil- 
letts et al., 1994; Krystal ct 'al., 1994, Danysz et al, 1995). 

Studies in healthy human subjects suggest that NMDA 
antagonists produce disturbances in identity and perception. 
Cognitive disturbance and behavioural effects resembling 
schizophrenia have also been described (Javitt and Zukin, 
1991). These behavioural effects could be explained by the 
dense cortical localisation of NMDA receptors (Krystal et 
ai: t 1999). These risks of NMDA : antagonists hampered 
clinical research. To prevent widespread excitotoxicity, 
NMDA channel blockers have been used in some clinical 
trials, e.g., in the treatment of Parkinson's disease or stroke 
(Brenner el al., 1989; Grotta et al., 1995). Some authors in 
the field of neurodegenerative disease suggest that in the 
future it will be possible to develop NMDA receptor antag- 
onists that are well tolerated (Parsons et al., 1 999a,b). For the 
treatment of anxiety, excessive glutamate exposure in spe- 
cific areas should be blocked, whereas normal glutaminergic 
neurotransmission should remain unaffected. Therefore, di- 
rect inhibition or excitation of the glutamate system is not a 
promising approach. By analogy, the GABA-benzodiazepine 
receptor complex has also several sites at which drugs can 
produce GABA-mediated effects (Johnston, 1996). Direct 
stimulation of the GABA-ion channel receptor by barbitu- 
rates has resulted in many central side effects. In contrast, 
benzodiazepines with their indirect mode of action modulate 
the endogenous GAB A release (Hacfely, 1990). This leads to 

Tabic 2 

A MPA receptor antagonists 

Substanc e Anxiety test Anxiety Motor Authors 

Noncompetitive antagonists 

LY326325 CT, X-maze i. T = Karcz el al. (1995), 

Kotlinska and 
Uljequist (1998) 

IY215490 CT i Bcnvchga et al. (1993) 
NBQX X-maze j, - Karcz ct al. (1995) 



Table* 

Metabotropic receptor agonists and antagonist 



Substance Anxiety test Anxiety Motor Authors 



Agonists (mGlu 2) 






LY354740 ASP, X-maze 




- Helton et al. (1997) 


CT 


i to 


I Klodzmska et al. (1999) 


SI 


•■; ^Shekhar and Keim ^OQO) 


Antagonists (mGlu 5) 






MPEP X-maze, CT, SI 


A\ 


-/■■■■ Spooren ct at- (2000) 


X-maze, CT 


' i 


•in 1* : tatarczynska et ai. (2001 ) 


CT 




J: ^Pilcetalj(2002) 


USV.ASP 


i - ■ 


Brodkin ct al (2002) . 



a safer therapeutic approach: ;Analdgdus* to . the GAB A 
system a more delicate regulation of the glutamate system 
would be desirable. 

It is encouraging that different ways ^ ^ fine-tune the 
glutaminergic system are emerging (Danysz : et al., 1 995; 
Parsons et al., 1 999a,b), In addition to the NMDA-channel, 
the glycine site could also be a locus of attention (Dannhardr 
and Kohl, 1998; Kchne et al;; 1 W5);^6mpounds acting at 
the AMPA receptor could also > be ^ipmisihg (Karczet ajV: 
1995; Kotlinska and Liljequist- l]998a;b). t An area that 
seems particularly fruitful for clinical application is the 
mGluRs system (Schoepp et al , 1999; Pin et aL 1999) 
mGluR agonists and antagonists ^hayei a wide variety of 
actions on central neurones,; which ^are mediated by both 
voltage-gated and ligand-gated ionrchannels.; Activation of : 
the different second messenger systeitis niay have excitatory 
as well as inhibitory effects. Gurrentiy:c studies, 
evaluating anxiolytic properties of metabotropic agonists; 
are under investigation. 



7. Conclusion 

In summary, although glutimate is a simple molecule, its 
action in the limbic system and areas concerning anxiety are 
complex and widespread (Rahysz ct aL, 1995). These 
actions are mediated through different combinations of 
ionotropic and metabotropic glutamate receptors and poten- 
tially different sub-unit combinations. Preclinical studies 
indicated that compounds active at NMDA, AMPA/kaVnate 
and metabotropic receptors might have anxiolytic properties 
(see Tables 1 -3). The major research effort so far has been 
directed towards the development of compounds which 
modulate the function of NMDA receptors by acting within 
the NMDA receptor complex. Anxiolytic properties and 
adverse effects due to muscle relaxant properties differ 
between the compounds used and the status of the activated 
sub-unit of the NMDA receptor. However, in general, the 
utility of NMDA and AMPA/kainate antagonists appeared 
to be greatly hampered by adverse effects because" of 
interference with receptors throughout the whole CNS and 
body (Willetts ct al., 1994; Krystal et al.. 1994, Danysz et 
al., 1995). This has led to the conclusion that NMDA 
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receptor antagonism is not a valid therapeutic approach for 
the treatment of anxiety disorders. From the standpoint of 
novel therapeutic approaches to the treatment of anxiety a 
delicate regulation of the glutaminergic system is required. 
Normal glutaminergic neurotransmission, which takes place 
in virtually every synapse in the CNS, should be unaffected 
whereas the effects of excessive glutamate in specific areas 
should be blocked (Davidson, 2002; Maren. 1996; Parsons 
ct aU 1999a,b). 

Jt is encouraging that different ways to fine-tune the 
glutaminergic system are emerging. Modulators of the 
glycine site could be clinically useful, as well as compounds 
acting at the AMPA receptor (Dannhardt and Kohl, 1 998a,b; 
Karcz et al., 1995; Kehne et al., 1995: Kotlinska and 
Liljequist, 1998a ? b). Particularly promising are metabo- 
tropic glutamate agonists and antagonists. They represent 
a new and novel class of compounds with potential thera- 
peutic efficacy in anxiety without some of the side effects 
associated with NMDA antagonists. The mGluR pharma- 
cology is expanding rapidly. It is now apparent that several 
pre- and postsynaptic mechanisms exist by which in situ 
expressed mGluRs could modulate cell function in the CNS 
(Schoepp et al.. 1999; Pin et al., 1999). To further explore 
mGluR function, the discovery of potent subtypes of selec- 
tive mGluR compounds is needed. According to the authors, 
in future most therapeutic opportunities in anxiety disorders 
might arise from selective modulation of these metabotropic 
glutamate receptors. Furthermore it is beyond doubt that the 
actions of glutamate should not be considered in isolation at 
individual receptors, as glutamate acts at multiple receptors 
and is subjected to modulation from several sources. It is to 
be expected that modulators of glutamate activity may 
ultimately be of great clinical significance in the treatment 
of anxiety disorders and in psychiatry in general. 
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